ABSTRACT: Spinal stenosis is a common degenerative condition. However, how neurogenic claudication develops has not been clearly elucidated. Moreover, cerebrospinal fluid physiology at the lumbosacral level has not received adequate attention. This study was conducted to compare cerebrospinal fluid hydrodynamics at the lumbosacral spinal level between patients with spinal stenosis and healthy controls. Twelve subjects (four patients and eight healthy controls; 25-77 years old; seven males) underwent phase-contrast magnetic resonance imaging to quantify cerebrospinal fluid dynamics. The cerebrospinal fluid flow velocities were measured at the L2 and S1 levels. All subjects were evaluated at rest and after walking (to provoke neurogenic claudication in the patients). The caudal peak flow velocity in the sacral spine (À0.25 AE 0.28 cm/s) was attenuated compared to that in the lumbar spine (À0.93 AE 0.46 cm/s) in both patients and controls. The lumbar caudal peak flow velocity was slower in patients (À0.65 AE 0.22 cm/s) than controls (À1.07 AE 0.49 cm/s) and this difference became more pronounced after walking (À0.66 AE 0.37 cm/s in patients, À1.35 AE 0.52 cm/s in controls; p ¼ 0.028). The sacral cerebrospinal fluid flow after walking was barely detectable in patients (caudal peak flow velocity: À0.09 AE 0.03 cm/s). Cerebrospinal fluid dynamics in the lumbosacral spine were more attenuated in patients with spinal stenosis than healthy controls. After walking, the patients experiencing claudication did not exhibit an increase in the cerebrospinal fluid flow rate as the controls did. Altered cerebrospinal fluid dynamics may partially explain the pathophysiology of spinal stenosis. ß
Lumbar spinal stenosis (LSS) is a common degenerative spine disease. Clinically, LSS is diagnosed when a patient presents with a narrowed spinal canal and neurogenic claudication; sensory and motor impairments of the lower extremities that are aggravated by walking and relieved by sitting or bending forward. 1, 2 However, spinal canal narrowing does not necessarily cause symptoms, and severities of structural stenosis and clinical symptoms frequently do not match. 2 Thus, it is believed that LSS has complex, multi-factorial etiologies that remain unclear. 3 Neural inflammation has been suggested to be the primary mechanism of pain. 4 However, in LSS patients, epidural steroid injections are not as effective as anticipated, despite the powerful anti-inflammatory effect. 5 Another proposed pathomechanism is vascular compromise; arterial insufficiency or venous congestion. 6, 7 This possibility is supported by the clinical observation that a vasodilator, a prostaglandin E1 derivative, relieved the symptoms of LSS. 8 Nonetheless, the vascular mechanism of LSS has not been convincingly demonstrated in humans and remains a matter of speculation.
The hydrodynamics of the cerebrospinal fluid (CSF) have not been implicated in the pathogenesis of LSS. However, a few features of patients with LSS may indicate the involvement of CSF dynamics. For example, claudication is relieved by forward bending of the spine; this posture increases the area of the spinal canal and, thereby, enhances CSF circulation. 2, 6 Additionally, multi-level stenosis is more susceptible to the development of claudication than single-level stenosis, 6 which suggests a pathophysiologic process that involves the lumbar spine as a whole, such as dynamic CSF circulation.
Recent advances in the phase-contrast magnetic resonance imaging (PC-MRI) techniques have enabled the quantification of CSF flow dynamics. 9, 10 Multiple PC-MRI studies have expanded our knowledge regarding CSF flow dynamics in the brain and have provided new insights regarding CSF flow into the physiology and pathology of the brain. 11, 12 A previous study investigated the temporal parameters of the CSF flow waveform from various regions along the craniospinal axis using PC-MRI and concluded that the origin of spinal CSF pulse was mainly intracranial. 13 However, they did not cover the lumbosacral area where the impact of intracranial pulse would be considerably attenuated as it propagates. Degenerative changes of the spine develop mostly in the lumbosacral spine with a significant degree of differences among individual and it may cause substantial reduction of canal diameter, thereby, increasing resistance against CSF flow in some cases. 14 We hypothesized that CSF flow may be interrupted in patients with LSS. Thus, we assessed and compared CSF dynamics within the lumbosacral level with PC-MRI in healthy volunteers and patients. Furthermore, we evaluated the changes in CSF dynamics that occurred after walking/claudication.
METHODS Participants
This is a level 3 investigational diagnostic study adopting a case-control design to compare the CSF dynamics in LSS patients and healthy controls. The study protocol was approved by the Institutional Review Board of Seoul National University Hospital. All participants provided written informed consent. The patient group consisted of four patients (two males, 68.5 AE 12.6 years) who were clinically diagnosed with LSS. MRIs of the patients revealing their structural stenosis were provided in Figure S1 . Eight healthy volunteers were recruited into the control group (five males, 42.9 AE 17.9 years). Due to the concern of influence of age, we further divided control group into young (n ¼ 4; 26.8 AE 1.8 years) and old (n ¼ 4; 59.0 AE 6.0 years) healthy controls and analyzed. The detailed demographic data of the participants are presented in Table 1 . All patients satisfied the following inclusion criteria: Neurogenic claudication present for >3 months, claudication occurred following a <30 min-walk, and symptom relief occurred by forward bending or squatting (Table 1) . The exclusion criteria were: Possible vascular claudication (i.e., an ankle-brachial index <0.9 15 ), history of lumbar surgery, structural stenosis due to non-degenerative causes (e.g., tumor or fracture), symptomatic peripheral neuropathy, clinically diagnosed myelopathy, and poor general condition that impeded gait function. None of the patients had any medical conditions that might cause polyneuropathy.
MRI Sequences of the Lumbosacral Spine
We used 3.0 T MR equipment (Magnetom Trio, Siemens, Enlangen, Germany) for all sequences in this study. PC-MRI was taken in the mid-sagittal plane to visualize overall flow (TR/TE, 28.45 ms/9.47 ms; average, 1; flip angle, 15˚; slice thickness, 5 mm; 1 slice; FOV, 320 mm; voxel size, 1.0 Â 1.0 Â 5.0 mm; anterior-posterior [AP] phase encoding direction with 25% oversampling; bandwidth, 195 Hz/pixel; foothead single direction velocity encoding; generalized autocalibrating partially parallel acquisition [GRAPPA] with an acceleration factor of 2). Directions of CSF flow were qualitatively evaluated on the mid-sagittal scan.
CSF flow velocities were quantified using axial PC-MRI images at the L2 and S1 mid-vertebral body levels (scan time is automatically set according the subjects' cardiac rate, average 8 min, ranging from 4 to 9 min; average, 1; TR/TE, 34.60 ms/11.0 ms; flip angle, 15˚; slice thickness, 7 mm; 1 slice; FOV, 320 mm; voxel size, 1.3 Â 1.0 Â 7.0 mm; AP phase encoding direction with 60% oversampling; bandwidth, 130 Hz/pixel; through plane single direction velocity encoding; no GRAPPA). The background correction was performed LSS, patients with lumbar spinal stenosis; YH, young healthy volunteers; OH, old healthy volunteers; Disc level AP diameter sum, the summation of the disc-level AP diameters from L1/2 to L5/S1; Sum Two Least AP Diameter, the summation of the AP diameters of the discs at the two most stenotic levels; Axial area sum, the summation of the area of the epidural space at the disc level.
a Lumbar CSF flow was measured at L1 level instead of L2 in this subject while all sacral CSF flows were measured in S1.
CSF DYNAMICS IN SPINAL STENOSIS
by measuring the flow velocity in static tissue and subtracting it from flow in the actual region of interest. Since the morphology of the spinal nerve and the extension of the dural sac can influence the CSF flow, the level of the conus and dural sac were identified T2 weighted sagittal images. The dural sac extended beyond S1/2 disc level in all participants and the lumbar CSF flow was quantified in the cauda equina level except for one patient (patient 4), whose lumbar image captured the tip of the conus. This image was selected at L1 rather than L2 due to an L1/2 disc herniation, which impeded the CSF flow (Fig. 1) .
For the structural evaluation of stenosis, the AP diameters at each disc level from L1/2 to L5/S1 were measured on the T2-weighted midsagittal images. The spinal canal areas at the L2 mid-vertebral level were also measured on the axial images. Furthermore, to evaluate the changes in CSF dynamics that occurred during claudication, the participants underwent another MRI immediately after walking based on the assumption that pathophysiology of neurogenic claudication might be associated with CSF dynamics. 16 The patients walked until claudication occurred, and the volunteers walked for 30 min in a corridor outside the MRI room. We confirmed that the exercise intensity was comparable in both groups by observing that increase of pulse rate after walking was 20% above baseline in each participant.
CSF Flow Measurements at the L2 and S1 Levels Although the CSF flow would have more intuitive clinical implications, velocities in regions abutting the spinal nerve rootlets and dural sac would be highly variable. In our pilot study, CSF flow measurement was erroneously altered when regions of interest (ROIs) included rootlets. Thus, ROIs were manually specified so that they do not contain rootlets or dura mater (Fig. 2) . Accordingly, the velocity of a specified ROI was adopted as the main parameter of the current study. The velocity encoding (VENC) parameter was set at 4 cm/s because the maximal flow rate did not exceed 2 cm/s in the lumbosacral spine (based on pilot trials). 17 The compartment of mediodorsal, medioventral, and lateral channel 13 was not applicable in the current study since the spinal cord terminates at or above L1 level and the main anatomical interruption in the lumbosacral level are the spinal nerve rootlets. The size of ROIs were 2-3 mm ellipses and consistent among all subjects. The ROIs did not contact the nerve roots or the dura mater because vibrations of solid structures can be sources of artifacts. For each subject, ROIs at the L2 and S1 level were selected from images acquired at the resting states. The specified ROIs were equally allocated to the images acquired after exercise for minimizing the effect of ROI selection to the differences in CSF velocities between two examinations.
The cardiac cycle was monitored by pulse oximetry, and the ensemble averaged CSF flow was plotted against one cardiac cycle from the "R to R" wave. In one cardiac cycle, the flow velocity values were obtained 25 times at regular intervals. Positive and negative values of the flow velocity denote the cephalic and caudal directions, respectively.
Statistical Analysis
Because this was a preliminary study with a limited number of participants, the inferential statistics were performed with non-parametric tests. The following comparisons of peak flow velocities were performed: (i) lumbar versus sacral level; (ii) patients versus controls; and (iii) before-versus after-walking (i.e., provocation of claudication). Wilcoxon signed-rank tests and Mann-Whitney U-tests were performed for within-group comparisons and between-group comparisons, respectively. p-values < 0.05 were considered statistically significant.
RESULTS
The average and standard error of the AP diameters from L1/2 to L5/S1 was 43.26 AE 6.89 mm in patients, whereas this value was 52.26 AE 11.63 mm in controls. The summations of the AP diameters at the two narrowest levels were 12.10 AE 3.05 and 17.57 AE 5.55 mm in patients and controls, respectively (Table 1) .
CSF Flow in the Lumbosacral Spine
For both patients and controls, the CSF flow during a single cardiac cycle could be divided into three phases. The first phase typically exhibited a steady cephalic flow. This flow gradually increased and peaked during the second phase. Finally, a caudal pulsatile flow became prominent during the third phase (Fig. 1) .
CSF Flow at the Lumbar Versus Sacral Levels
In both patients and controls, the peak flow velocities in either direction was slower at the sacral level compared to the lumbar level.
The CSF flow was weaker in S1 level, compared to the L2 level (À0.32 AE 0.33 $ 0.16 AE 0.15 versus À1.07 AE 0.49 $ 0.58 AE 0.23 cm/s, p ¼ 0.018), in healthy controls. Generally, similar patterns were shown in LSS patients, however, with smaller amplitudes, and consequently without statistical significance (À0.11 AE 0.05 $ 0.07 AE 0.03 versus À0.65 AE 0.22 $ 0.42 AE 0.19 cm/s). Specifically, sacral flow in patients was barely detectable; the mean flow velocity during one cardiac cycle was 0.00 AE 0.04 cm/s (Table 2, Fig. 3 ).
CSF Dynamics in Patients With Spinal Stenosis Compared to Healthy Controls
In patients, the caudal peak flow velocity at the lumbar level was reduced by approximately half relative to the controls without statistical significance (À0.65 AE 0.22 vs. À1.07 AE 0.49 cm/s, Fig. 3c ). The cephalic peak flow velocities at the lumbar level Table 2) .
Changes in CSF Dynamics After Walking
The patients' symptoms are presented in Table 1 . After walking, CSF flow velocity generally increased, and this change was more prominent in the controls. The peak flow velocities within the lumbar spine increased (not statistically significant; from À1.07 AE 0.49 $ 0.58 AE 0.23 to À1.35 AE 0.52 $ 0.90 AE 0.33 cm/s). In contrast, the peak flow velocities scarcely increased after walking enough to provoke symptoms in patients (from À0.65 AE 0.22 $ 0.42 AE 0.19 to À0.66 AE 0.37 $ 0.45 AE 0.19 cm/s). Compared to controls, the peak flow velocities within the lumbar spine after walking were slower, and the cephalic flow was significantly different (caudal flow: À0.66 AE 0.37 vs. À1.35 AE 0.52 cm/s, p ¼ 0.073, cephalic flow: 0.45 AE 0.19 vs. 0.90 AE 0.33, p ¼ 0.048). At the sacral level, the peak flow velocities did not remarkably change in either the patients or controls (patients: from À0.11 AE 0.05 $ 0.07 AE 0.03 to À0.09 AE 0.03 $ 0.07 AE 0.04 cm/s, controls: from À0.32 AE 0.33 $ 0.16 AE 0.15 to À0.32 AE 0.26 to 0.19 AE 0.14 cm/s) (Fig. 4) .
DISCUSSION
In LSS, the severity of structural stenosis and clinical symptoms do not correlate, [18] [19] [20] and the pathophysiology of LSS (and neurogenic claudication) remains unclear. 3 In this study, we hypothesized that disturbances in CSF flow dynamics may be associated with the pathophysiology of LSS. 
Comparison of CSF Dynamics of LSS With Other Levels
Previous studies of CSF dynamics have focused on the brain or cervical spinal levels. [21] [22] [23] A few studies have investigated CSF dynamics in the cerebrum and spine as a single system. 13 To our knowledge, no study has evaluated CSF dynamics within the lumbosacral spine. The paucity of studies regarding CSF flow at the spinal level might originate from a lack of clinical suspicion or due to the structural characteristics of the spine. The status of CSF circulation in the brain is reflected in the size and shape of the ventricles, but the spine does not have comparable structures. A few researchers have suggested that altered CSF hydrostatic pressure in the spine might be related to neurological symptoms 24 ; however, CSF dynamics have not been evaluated at the spinal level in the clinical context.
The results revealed attenuated pulsatile flow in the cephalo-caudal direction compared to higher spinal levels. In a previous study, the peak flow velocities were 5.95 AE 2.48 and 3.8 AE 2.9 cm/s in the cerebral aqueduct 25 and cervical spine, respectively. 23 In our study, the caudal peak velocities at the lumbar and sacral levels were À0.93 AE 0.46 and À0.25 AE 0.28 cm/s, respectively. In patients, the CSF flow velocity was slower compared to controls in both the caudal and cephalic directions and at both the lumbar or sacral levels. Specifically, CSF flow at the sacral level was barely measureable in patients. Direct comparison with other study results might not be appropriate because measuring small velocities are prone to accuracy issues. We used the velocity measured in a static region as reference and subtracted from the velocity in the region of interest to correct the Eddy current effect.
The waveforms of the cardiac cycle are sinusoidal and biphasic at more cranial levels (i.e., the cervical spine and cerebral aqueduct); a caudal flow phase during systole is followed by a cephalic flow phase during diastole. As the cycle progresses down the spine, the caudal flow phase is delayed and shortened within each cardiac cycle. 13 In our study, the caudal phase was preceded by a cephalic phase, and the duration of the caudal phase was half that of the cephalic phase. This finding indicates that the origin of the pulsatile flow is located at a more cranial level.
Influence of Age
The healthy volunteers were younger than the patients in this study. The older age of the patients was a consequence of the fact that spinal stenosis is an advanced degenerative disease of the spine. A previous study revealed that the peak flow velocity in the cerebral aqueduct is higher in young ( 14 years old) subjects compared to older subjects, whereas the average velocity and flow volume do not differ. 25 Thus, we performed further analyses between young (n ¼ 4; average ¼ 26.75 years old) and aged (n ¼ 4, average ¼ 59 years old) subgroups among the healthy controls ( Table 1) .
The CSF flow at both the lumbar and sacral levels was similar between the young and old controls (Fig. 5) . In contrast, the CSF flow velocities differed between the old controls and the patients. The lumbar caudal peak velocities at L2 were À0.94 AE 0.59 cm/s in the old controls, À1.2 AE 0.34 cm/s in the young controls, and À0.65 AE 0.22 cm/s in the patients. The peak velocities at S1 were À0.35 AE 0.37 cm/s in the old controls, À0.29 AE 0.34 cm/s in the young controls, and À0.11 AE 0.05 cm/s in the patients. However, the limited number of subjects precluded statistical testing of these differences.
Determinants of CSF Dynamics in the Lumbosacral Spine
An important issue that should be investigated is whether altered CSF dynamics are merely a corollary of structural stenosis or independent. CSF dynamics are determined by multiple factors, including arterial pressure, venous drainage, structural constraints, and other factors. 26 CSF flow in the lumbar spine was certainly influenced by the area of the canal. In this study, one patient with a prolapsed L1/2 disc displayed greatly attenuated CSF flow at the L2 level compared with the L1 level; thus, the lumbar flow of this patient was measured at the L1 level (Fig. S2) . In contrast, one healthy volunteer exhibited severe narrowing of the spinal canal (the sum of the two narrowest AP diameters was 8.4 mm, which was the lowest among all of the participants). However, the CSF flow in the 
Clinical Implications of the Changes in CSF Dynamics
The clinical relevance of CSF dynamics at the lumbosacral level has not previously been evaluated. The results of the current study suggest that these CSF dynamics might be involved in the pathophysiology of LSS. Neurogenic claudication is the core characteristic of LSS. As shown in Figure 4 , the CSF flow at both the lumbar and sacral levels was slower in patients compared to controls; especially, it was much weaker at the sacrum in the patients. CSF circulation is known to be essential for the supply of nutrient and oxygen supply for neural tissue. 27, 28 Stagnant CSF might induce impaired metabolism of nerve roots in the lumbosacral spine with LSS. Metabolic demand of nerve roots would increase during walking. In the healthy controls, CSF pulsation increased accordingly after walk but it did not in the patients, implying further compromise (Table 2 ). This mismatch between the metabolic demand and CSF flow would be greater than results of the current study since the area of the spinal canal would also be compromised in LSS patients. Furthermore, although we could not measure/estimate the pressure of the CSF in this study, altered dynamics may reflect altered kinetics of the CSF. We assume that structural stenosis disturbs the CSF flow along lumbosacral spine, thereby, increasing the intrathecal pressure at the sacral level. Exercise in erect (walking) would further increase pressure gradient due to gravity; walking might transiently elevate the CSF pressure enough (above the venous pressure of 20 mmHg) to reduce neural perfusion in LSS patients causing claudication. 28 Besides impaired perfusion, increased pressure itself causes neurological symptoms. 29 Also, increased pressure on roots along multi-levels further deteriorates nerve roots than at a single level even with a lower compressive pressure. 30 Consequently, this preliminary result also requires future studies with larger sample sizes that simulate not only the flow but also the pressure of the CSF based on PC-MRI to confirm that neurogenic claudication is related to changes in CSF dynamics.
Limitations
The current study was a preliminary study with a small number of participants. The purpose of this study was to assess the hypothesis that CSF dynamics in the lumbosacral spine might account for the clinical manifestations of LSS. The limited number of patients and lack of age-matched controls precludes us from drawing convincing conclusions. Additionally, the conditions in which the MRI was conducted did not reflect variable, clinically relevant conditions, such as upright posture and lumbar flexion/extension. Other variables that might affect CSF dynamics, such as concurrent changes in blood pressure and the volume or compliance of the dura mater, were not considered in this study. Such variables should be addressed in future studies. Although uniformly setting, the velocity encoding at 40 mm/s might be sufficient for comparison, accurate velocity values are not guaranteed for very low velocities as shown in the sacral level of the patient group. The specified ROIs also could affect the calculated CSF flow velocities. Although the ROIs were manually selected so as to minimize the influences of artifacts or wall shear stress from solid structures such as dural sac or nerve rootlet and represent overall signal changes within the spinal, the CSF flow within the ROI could be different from the total CSF flow. If validated automated method to set ROI is available at the lumbosacral level, objectivity of the measurement will be improved. The current study adopted 2D PC-MRI and only cephalad-caudal directional velocity could be quantified. Technology associated with PC-MRI is in rapid progress and currently 4D PC-MRI is available which can also quantify velocities of the horizontal plane of the spine. 31 This would provide detailed insights about the local turbulence of spinal CSF which is expected to exist adjacent to bulged discs or buckled ligamentum flavum frequently shown in spinal stenosis patients. Furthermore, the application of 4D PC-MRI enable the derivation of wall shear stress or resistance index, and thus may enhance the accuracy of the selection of ROI with minimal influences of wall shear stress and artifacts.
CONCLUSIONS
This study evaluated CSF flow in the lumbosacral spine with PC-MRI in patients with LSS and healthy volunteers. CSF flow was more attenuated at the sacral level compared to the lumbar level. The flow velocities were slower in patients with LSS compared to controls. Specifically, the CSF flow at the sacral level was barely detectable in patients with LSS. Furthermore, the increase in CSF peak flow velocities caused by ambulation were smaller in patients. These altered CSF dynamics might explain the neurological manifestations of LSS, including claudication.
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